Background: Frailty has been associated with increased risk of adverse-health related outcomes including cognitive impairment. However, little is know about the pathogenesis relating frailty to cognitive decline. Therefore, the main objective of this study was to investigate the association between vascular cerebral damage and frailty. Methods: Cross-sectional study involving 176 community-dwelling participants aged 67-86 years, participating in the AMImage Study, an ancillary neuro-imaging project of the AMI cohort, a French prospective cohort including older farmers living in rural areas. Frailty was defined as proposed by Fried. 3T magnetic resonance imaging (MRI) examination was performed with anatomical, diffusion, and fluidattenuated inversion recovery sequences. The evaluation included the assessment of white matter hyperintensities (WMH) volumes and of microstructural white matter integrity through exploration of diffusion tensor imaging (DTI) parameters. Results: The analyses showed that WMH volumes were higher in frail persons compared with nonfrail subgroup. Frail participants presented DTI modifications in extensive areas of white matter. In comparison with nonfrail subgroup, frail participants showed a strong association between WMH volumes and DTI changes. Conclusion: These results show that subclinical cerebrovascular damage is present in the frail older person, which could support the hypothesis that frailty is a prodromal state of central nervous system vascular injury.
The syndrome of frailty refers to a clinical state characterized by poor resilience and physiological loss of functional reserves that increases the risk for functional decline, falls, institutionalization, and increased mortality (1) (2) (3) . However, other outcomes frequently found in the older population have also been explored, including cognitive function. Indeed, frailty associated with cognitive impairment has been shown to improve the predictive validity of the operational definition of the frailty phenotype, increasing the risk of adverse health-related outcomes in this particular subgroup of older adults (4) . Moreover, recent studies have shown that frailty is a major risk factor of incident vascular dementia (5, 6) . Since frailty could precede cognitive decline, it has been proposed as a prodromal stage of vascular dementia (5) . Atherosclerosis could, at least partially, explain such association. Indeed, a recent cross-sectional study of community-dwelling participants has shown that in comparison with nonfrail older adults, those who exhibit the phenotype of frailty have more important vascular damage as per the carotid central structure changes such as greater carotid intima-media thickness and greater carotid diameter (7) .
Nonetheless, very few studies have assessed cerebral damage in frail older adults. Among these, the study from the Cardiovascular Health Study reported numerous markers of vascular subclinical disease including carotid ultrasound, ankle-arm index, left ventricular hypertrophy as well as brain magnetic resonance imaging (MRI) showing infarct-like lesions, which was related to frailty (8) . In the same vein, a Korean study also showed a positive association between frailty index and the number of white matter hyperintensities (WMH) of vascular origin (9) . Additionally, some critical components of frailty such as slowed gait speed have been shown to be associated with WMH (10, 11) . WMH are extremely common in older individuals, more than 90% of older adults exhibit WMH in brain MRI scans (12) . Although the precise etiology of WMH is still a matter of debate, evidence suggests that WMH are the result of arteriosclerosis (13) (14) (15) (16) . Moreover, the appearance of these lesions has been recently linked to early white matter (WM) microstructural alterations, assessed through diffusion tensor imaging (DTI) (17) . To the best of our knowledge, no study has investigated the relationship between frailty and diffusion parameters, which could be considered as a marker of subclinical cerebrovascular damage.
Examining how the frailty status relates to brain damage is critical to understand the pathogenesis relating frailty to cognitive decline and eventually to vascular dementia. Such knowledge would open the possibility for more efficient preventive strategies and earlier interventions in order to modify the clinical history of a catastrophic disease such as vascular dementia. Therefore, the main objective of this study was to investigate the association between vascular cerebral damage and frailty in a sample of French communitydwelling older adults without dementia. We hypothesized that frail older persons presented higher WMH burden and more extensive microstructural WM alterations, compared to nonfrail participants. Moreover, with recent literature reporting an association between WMH and changes in DTI parameters in older population (18) (19) (20) , we considered such relationship in our sample.
Methods

Study Population
The participants of the present study were recruited from the AMImage Study, a subsample of the participants of the French AMI cohort (Agrica-MSA-IFR de Santé Publique, Aging Multidisciplinary Investigation) (21) . The AMI cohort started in 2007 and included 1,002 older farmers retired from agriculture, living in rural areas. Participants aged 65 or older were randomly recruited from the Farmer Health Insurance System (Mutualité Sociale Agricole [MSA]). At baseline and subsequent follow-up visits, large panels of data were collected through standardized questionnaires including a complete battery of neuropsychological tests. Between March 2009 and March 2011, an MRI examination was proposed to a subsample of participants (the AMImage Study), with the purpose to collect MRI data from 400 participants. The exclusion criteria included: contraindication for the MRI examination; severe stage of Alzheimer's disease (Mini-Mental State Examination < 15) or other dementia; Parkinson disease; physical status not allowing going to the service of neuroimaging of University Bordeaux hospital; and persons under legal protection or unable to express their consent.
Among the 1,002 participants and according to the exclusion criteria, the MRI was proposed to 665 subjects, of whom 349 refused and 316 underwent the exam (acceptation rate of 47.5%). Among the 316 MRI exams acquired, we excluded persons with severe cerebral pathologies, incomplete MRI scans or with acquisition artifacts detected on the DTI parameters. In addition, participants with missing data for cognition or frailty were also excluded. Therefore, data for 176 non-demented participants who had complete clinical, cognitive, and imaging data were finally included in the statistical analyses (Figure 1 ), of whom 33 (18%) met frailty criteria. The Institutional Review Board of the University Hospital of Bordeaux approved this research according to the principles embodied on the Declaration of Helsinki. Written informed consent was obtained from all participants.
Definition of Frailty
Frailty was defined according to the construct proposed by Fried and collaborators (1) . The five components of the original phenotype were considered as follows: Weight loss was defined as self-report of unintentional loss of 3 kg or more or as a body mass index (BMI) lower than 21 kg/m2. Exhaustion was determined by two questions from the Center for Epidemiologic Studies-Depression (CES-D) scale: "I felt that everything I did was an effort" and "I could not get going." Slowness was determined according to lowest quintile of the 3-meter gait speed test, adjusted for sex and height. When data were missing for the gait speed test, Rosow and Breslau scale were used, and participants answering "no" to one of the following questions: "Able to walk a half mile without help?" or "Able to walk up and down stairs to the second floor without help?" were considered as frail for this component. Participants answering "yes" to the question "Do you have difficulty rising from a chair?" were categorized as frail for weakness. Low physical activity was defined in those participants who denied doing daily leisure activities (ie, gymnastics, sport, bike, walking, gardening, hunting, fishing) at least once a week. As recommended, participants meeting three or more criteria were classified as frail and other were classified as nonfrail. The use of such operational criteria of Fried's frailty phenotype has been previously validated (3).
Assessment of Brain Structure
MRI acquisition MRI scans were obtained using an ACHIEVA 3 Tesla machine (Phillips® Medical System, Netherlands) with a SENSE 8-channel head coil. For each participant, anatomical, diffusion, and fluidattenuated inversion recovery (FLAIR) images were obtained (see supplementary data for further details).
MRI processing
Assessment of WMH WMH volumes were automatically assessed using the lesion segmentation tool (LST) (22) . The procedure included three major steps and operated exclusively in the native space of T1-weighted images. First, the pre-processing was performed using SPM8 software (Welcome Laboratory of the Department of Cognitive Neurology, Institute of Neurology, London, United Kingdom, http://www.fil.ion.ucl.ac.uk./ spm/) and its toolbox VBM8 (revision 343, http://dbm.neuro.unijena.de/vbm). First, for tissue classification, standard preprocessing of SPM8 were applied on T1 images. Secondly, using intensity distribution of FLAIR images, outliers were detected and lesion belief maps were calculated for the three tissue classes. Finally, these lesion belief maps were then summed up and the iterative algorithm based on lesion expands growth model was applied using the grey matter lesion belief map (Linit, threshold κ = 0.3) as initial seed. The distance map from the ventricular surface (computed using FreeSurfer software; www.surfer.nmr.mgh.harvard.edu) was used to define juxtaperiventricular space. This space was defined as the region within 0-2 mm from the edge of the ventricle and was subtracted from the WMH volumes assessed with LST. WMH volumes extracted were then normalized by total intracranial volume (sum of volumes of the three cerebral compartments).
DTI parameters
DTI parameters evaluate both the directionality and the magnitude of water diffusion in brain tissue. Within WM, the diffusion of water molecules is restricted along axonal bundles; thus, lower directionality and higher magnitude of diffusion generally indicate a loss of microstructural integrity of WM fibers. DTI maps were processed with FMRIB Software Library (FSL 5.0.2, www.fmrib.ox.ac.uk/fsl). For each participant, diffusion-weighted images were co-registered to the reference volume b0 with an affine transformation and were corrected for motion and eddy current distortions. Brain Extraction Tool (BET) was applied to exclude voxels not associated with the brain. Data from the successive runs performed during the acquisition, were averaged and fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD) maps were computed by fitting a tensor model to the raw diffusion data using FMRIB's Diffusion Toolbox. FA represents the degree of directionality of water diffusivity along WM fibers. AD and RD quantify the magnitude of diffusion along the principal and perpendicular directions of fibers, respectively, and MD represents a global measure of water diffusion.
Tract-based spatial statistics pipeline
Microstructural WM integrity was examined through DTI using tract-based spatial statistics (TBSS) pipeline (23) within FSL software. Nonlinear transformations were applied to register individual FA images on the FMRIB58-FA standard template. A mean FA was generated using all the registered individual FA maps. The resulting mean FA image was subsequently thinned (threshold FA value 0.2) to create the mean FA skeleton. Finally, each participant's FA map was projected onto the skeleton by searching for maximum FA values perpendicular to the skeleton. The same transformations were applied to the diffusivities maps, that is, AD, RD, and MD.
Covariates
Sociodemographic variables included age, sex, and educational level defined as a third-level variable: (a) primary school without diploma; (b) primary school validated with diploma; and (c) short secondary school, long secondary school and university level.
Participants were asked whether they had a physician's diagnosis of myocardial infarction, angina pectoris, stroke or hypercholesterolemia. Participants were considered as hypertensive if self-reported or their systolic blood pressure was ≥160 mmHg or diastolic blood pressure was ≥95 mmHg. Participants were considered as diabetics if self-reported or they were on hypoglycemic treatment. Smoking status (nonsmoker, former smoker or current smoker) was selfreported. The presence of each of these cardiovascular risk factors was summed up in a score ranging from 0 to 7, where higher score indicates a higher cardiovascular risk.
To characterize cognitive functioning of participants, two neuropsychological tests were used. The Mini-Mental State Examination evaluates global cognitive performances including memory, orientation in space and time, calculation, language and visuoconstructive abilities (0 to 30 points; a higher score indicates better cognitive status) (24) . The Isaacs Set Test is a test of verbal fluency involving semantic memory, lexical access speed and executive functioning. Participants have to name as many words as possible belonging to a specific semantic category in 60 seconds. Four semantic categories are successively used (cities, fruits, animals, and colors). The total number of items named produces the score; a higher score indicates better cognitive status (25) .
Statistical Analysis
Characteristics of participants were described using arithmetic means and standard deviations (SD) or frequencies and proportions where appropriate. The following statistical procedures were used according to the characteristics of each variable: Chi-square test for qualitative data or Student t test for continuous data.
Relationship between frailty and WMH
Firstly, Student t tests were performed to compare raw volumes between the nonfrail subgroup (n = 143) and frail subgroup (n = 33). Secondly, analyses of covariance (ANCOVA) with age, sex, level of education, and cardiovascular risk factors as confounding factors, were run to compare the amount of WMH burden (WMH volumes normalized by total intracranial volume) between the two groups. Analyses were performed with SPSS package (SPSS Inc., Chicago, IL, Version 20.0) and a p value less than .05 was considered statistically significant.
Relationship between frailty status and white matter microstructure
An ANCOVA was performed to compare diffusion values (ie, FA, MD, AD, and RD) between nonfrail and frail groups. Permutationsbased statistics with 5,000 permutations and threshold-free cluster enhancement (TFCE) (26) were used. Then, family wise error (FEW) rate was applied on results for correction of multiple comparisons (threshold of p < .05). The statistical model was adjusted by age, sex, level of education, and cardiovascular risk factors. The Johns Hopkins University WM atlas (implemented in FSL package) (27) was used to identify WM tracts highlighted in TBSS results.
Relationship between WMH burden and white matter microstructure As WMH are common in older persons and have been associated with DTI parameters, we performed a supplementary analysis to determine whether this association is found in our sample. Therefore, using a linear regression adjusted for age, sex, level of education, and cardiovascular risk factors, we tested the effects of the amount of the WMH burden (WMH volumes normalized by total intracranial volume) on diffusion maps in each group.
Results
The study sample included 176 participants. Table 1 shows the sociodemographic characteristics, Mini-Mental State Examination score, and volumes of WMH. Mean age was 75.0 (SD 5.2) and 40% were women. Hypertension and hypercholesterolemia were the most frequent cardiovascular conditions (63.1% and 12.5%, respectively). There were no differences between nonfrail and frail participants with regards to age, educational level, and Mini-Mental State Examination or Isaacs Set Test scores. However, there were more women in the frail subgroup. Thirty-three subjects (18.8%) met the criteria for frailty.
Frailty Status and WMH
Frail older adults presented higher WMH volumes in comparison with nonfrail participants and these differences remained statistically significant after adjusting for covariates (age, sex, level of education, and cardiovascular risk factors) (p = .002; F = 9.623; Table 1 ).
Frailty Status and White Matter Microstructure
In comparison with nonfrail participants, frail persons had lower FA and higher diffusivity values (ie, AD, RD, and MD values) in extensive areas of WM including the corpus callosum, anterior limb of internal capsule, external capsule, and posterior thalamic radiations (Figure 2) . However, results with AD values were somewhat less extended that those observed with other diffusivity values. None of WM regions in the nonfrail group had lower FA values or higher diffusivity values when compared to frail individuals.
WMH Burden and White Matter Microstructure
Among frail subjects, TBSS analyses showed an inverse association between global WMH volumes and FA values, and a positive association between global WMH volumes and all diffusivity values in almost the whole WM (Figure 3) . The same results were also observed among nonfrail subjects (data not shown). No positive association was observed between WMH volumes and FA values, and no negative relationship was observed between WMH volumes and diffusivity values.
Discussion
The present study shows an association between cerebral WM abnormalities and the frailty status in a sample of French community-dwelling older adults without dementia. Interestingly, WMH volumes were higher in frail participants compared to those in nonfrail subgroup, and frail participants had DTI modifications in multiple bundles, suggesting a loss of WM integrity. In addition, associations were observed between WMH volumes and DTI changes in the frail subgroup. To the best of our knowledge, this study is the first to examine such associations, especially those between frailty status and loss of WM microstructural integrity evidenced by DTI imaging. Notes: MMSE = Mini-Mental State Examination (0-30 points; higher score indicates better cognitive status); IST = Isaacs Set Test (higher score indicates better cognitive status); SD = standard deviation; WMH = white matter hyperintensities. a 1: primary school without diploma; 2: primary school validated with diploma; 3: short secondary school, long secondary school and university level.
b Cardiovascular risk factors: myocardial infarction, angina pectoris, stroke, hypercholesterolemia, hypertension, diabetes, and smoking status (0-7 points; higher score indicates a higher cardiovascular risk).
The role of the central nervous system in the physiopathology of frailty has been a subject of research, which has risen over the past years. Although disturbances in the structure of the carotid arteries have been shown to be more common in frails in comparison to the nonfrails (7), the clear role of vascular disease has not been well established. In this study, we demonstrated that frail participants presented more WMH in comparison to nonfrail persons. These results are in line with previous studies. In a cross-sectional study of 87 participants aged 65 or older (that underwent a comprehensive geriatric assessment and brain MRI examination), Jung et al. reported an association between the multidimensional frailty index and WM abnormalities quantified with the modified Fazekas scale (9) . The results showed a positive association between the number of WMH and the frailty index, supporting a possible role of agerelated microvascular phenomena in the pathophysiology of frailty.
Newman et al. showed in a cross-sectional report of 4,735 participants of the Cardiovascular Health Study the relationship between the extent of underlying abnormalities in cardiovascular structure and the level of frailty (8) . Their most relevant result was the association between infarct-like lesions and higher WM disease with frailty, regardless of the presence or absence of clinical cardiovascular disease. However, cerebral MRI examination was performed 5 years after the baseline evaluation, and the results were similar for other outcomes and the extent of underlying cardiovascular disease (measured by carotid ultrasound and ankle-arm index, and left ventricular hypertrophy) was associated with frailty status. In the same line, using a voxel-based morphometry approach, Chen et al. reported the association between grey matter changes and individual frailty components defined by Fried. They highlighted that its motor-related components were associated to lower cerebellar volume (28) . In addition, Del Brutto et al. observed an association between frailty (using the Edmonton Frail Scale) and global cerebral atrophy, and a marginal association between frailty and moderate to severe WMH (both MRI abnormalities were estimated using a visual rate scale) (29) . Although research on brain-behavior has historically addressed the role of the cerebral cortex and subcortical grey matter, recent evidence indicates that WM is also as an essential component of neural networks in the brain. Therefore, our results support the idea that subjects showing a frailty phenotype could have more extensive damage to the WM in comparison with nonfrail subjects; even though, this is not necessarily associated with clinically evident cognitive impairment.
However, the results of the present study go further beyond the demonstration of greater WMH in frail subjects. Indeed, this study highlights that frail participants have a greater loss of WM microstructure integrity (as shown by a lower FA and higher diffusivity values) in extensive areas of the brain, which is not observable in conventional MRI protocols. Moreover, our findings highlight that the global disorganization of the WM fibers was observed not only in WMH regions but was also extended to the normal appearing white matter (outside the WMH area). A recent study has demonstrated in healthy older population, that baseline FA values are a good predictor of the WMH occurrence at the second MRI follow-up, suggesting a pathophysiological continuum between DTI changes and the emergence of WMH (30) . Therefore, the co-occurrence of DTI changes and frailty could be the herald of brain damage, which might later lead to cognitive changes. In accordance, we observed that higher WMH burden is related to a widespread loss of microstructural WM integrity in frail participants. WMH are more common in persons with cardiovascular risks, in particular hypertension. Using TBSS approach, Salat et al. reported relationships between blood pressure (as a measure of cerebrovascular health) and DTI indices modifications in the brain of older adults (31) . Similarly, de Groot et al. studied in 4,532 older persons the age-related changes in diffusion parameters for several tracts and whether cardiovascular risk factors affect microstructure integrity (32) . These authors observed worse a microstructural disorganization in persons with severe hypertension, in current smokers, and in diabetics. Another study showed an association between impaired cerebrovascular hemodynamic parameters (measured by transcranial Doppler ultrasound of the middle cerebral artery) and loss of WM integrity in the regions limited to the middle cerebral artery territory as well as across the entire brain (33) . Taken together, these findings demonstrate that DTI technique may provide sensitive indices of cerebral tissue damage due to variation in vascular integrity. According to these observations, DTI modifications observed in frail participants could be related to an early cerebral microangiopathy and widespread alterations in white matter tracts (34). Several limits must be underlined. Firstly, the sample size of participants classified as frail is relatively limited. Secondly, the crosssectional design of the study does not allow to firmly conclude regarding the temporal relationships between WM tissue lesions and frailty syndrome. Further studies with longitudinal data are necessary to investigate such relationship. Moreover, DTI parameters infer WM microstructural integrity at a macroscopic resolution, whereas biological mechanisms for diffusion in WM remain incompletely understood. Thus, the water diffusion data in a complex biological tissue as WM should be interpreted very cautiously. In addition, the presence of some degree of selection bias can be suspected since participants accepting to undergo studies such as MRI studies are frequently healthier than those declining to, thus results should be interpreted with caution. However, despite these limits, our study presents some strengths, in particular the inclusion of non-demented community older adults and nonconventional MRI sequences which allows a deeper understanding of the pathophysiology of frailty including the role of vascular damage in the central nervous system.
In conclusion, even though the cross-sectional design of the study does not allow drawing formal conclusion regarding the temporal relationship, the present research shows that subclinical WM and cerebrovascular damage is present in frail older persons. Further longitudinal studies will allow us to support the hypothesis that frail subjects presented higher risk to develop cognitive impairment, particularly vascular cognitive impairment, due to the pre-existence of clinically silent cerebrovascular lesions. In this sense, the establishment of efficient preventive programs targeted against cerebrovascular risk factors and the implementation of early preventive strategies could help modify the natural history of dementia, which currently has limited therapeutic interventions available.
